Background: There are few data available on the prevalence, incidence, and residual risk of transfusion-transmitted HBV (TT-HBV) infections among Chinese blood donors. This study investigated the demographic characteristics of blood donors, as well as the prevalence, incidence, and residual risk (RR) of TT-HBV infections in six large blood centers in different regions of China. Methods: The demographic characteristics and HBV screening test results of blood donors from six blood centers in different regions in China were collected and analyzed. The hepatitis B surface antigen (HBsAg) yield approach was used to estimate the incidence of HBV. Then, the RR of TT-HBV infections was evaluated using the incidence-window period model. Results: The majority of donors were between 18 and 35 years old (including 35), with the exception of the Changzhi Blood Center where a majority of donors were between 35 and 55 years old (including 55). The prevalences of HBV were 0.13%, 0.078%, 0.16%, 0.07%, 0.20%, 0.25% in Hefei, Dalian, Changzhi, Kaifeng, Mianyang and Fujian, respectively. The estimated corresponding incidences were 213. 44, 161.59, 989.80, 278.05, 125
Background
Blood donor screening practices for the hepatitis B virus (HBV) infections vary from country to country both in terms of the manufacturers of the reagents and the testing methods. Over the past 30 years, the risk of TT-HBV has markedly decreased due to the development of more sensitive hepatitis B surface antigen (HBsAg) tests, the introduction of screening for antibodies against the hepatitis B core antigen (anti-HBc) in some countries, the use of nucleic acid tests (NAT), and improved volunteer donor recruitment processes [1] [2] [3] . In recent years, the government of China has taken several measures to improve the safety of the blood supply, which included promulgating a new blood donation law in 1998 [4] and revising standard protocols for donor screening and donation screening processes in 2012 [5] . However, in China, the risk of TT-HBV still remains higher than that of other routinely screened viruses, such as HCV and HIV. When using only HBsAg tests for HBV infection screening, the risk of TT-HBV is high because donors may appear HBsAg-negative but are actually HBV infected, such as those currently in the window period (WP) or at the late stage of infection. This is especially true for the areas with both a high prevalence of HBV and a lack of NAT screening [6] . Also, there is an additional risk associated with chronic OBI. OBI is usually defined (in the blood donor screening context) as an HBV infection without detectable HBsAg, usually presenting itself as anti-HBc positive and, typically, with low levels of HBV DNA. Liang et al. reported that the prevalence of HBsAg in the general population in China fell to 7.2% from 9.8% after the implementation of vaccination against hepatitis B [7] , which has played an important role in decreasing the rate of HBV infection.
The residual risk (RR) is different with different blood screening strategies. Using NAT for donor screening can shorten the window period and identify occult HBV infections (OBI) which cannot be detected by HBsAg tests [6] . In terms of the risk for TT-HBV, it is a problem particularly in the countries and/or areas with both a high prevalence of HBV and where NAT for HBV is not used routinely for donor screening [8] . Despite the implementation of donor screening by NAT, there are still a number of countries where there is a residual risk for TT-HBV [9] [10] [11] .
China still is a developing country with most areas undeveloped economically. At present, most blood centers cannot afford NAT, thus most donations are routinely screened with two ELISA tests for HBsAg in China. This issue has been brought to the attention of the relevant authorities of the Chinese Government, which have decided to pilot NAT testing for HBV, HCV, and HIV in all provincial blood centers in 2015 during blood donor screening [12] . This study aims to evaluate the residual risk (RR) of HBV infections in China before the implementation of NAT. This study will provide helpful data to assess the effectiveness of the implementation of NAT in China. Available data about the prevalence, incidence, and RR of HBV infections among Chinese blood donors is limited. In 2013, Wuping Li and his colleagues reported their findings on the prevalence, incidence, and residual risk of HBV infections in the Anhui Blood Center from 2009 to 2011 [13] . However, that study was based on the data from one single blood center, which is the limitation of that study.
The present study involves six blood centers located in different regions of China (Fig. 1 ).Hopefully this study was therefore more representative. The aims of the present study were to evaluate the current prevalence, incidences and RR of HBV infections of blood donors among the six blood centers, and to provide guidance for developing and monitoring evidencebased blood donor management strategies to improve the safety of the blood supplies regarding the RR of TT-HBV infections.
Methods

Ethics statement
This study was approved by the Ethics Committee of the Institute of Blood Transfusion, of the Chinese Academy of Medical Sciences & Peking Union Medical College. Written informed consent was obtained from each study participant before the interview, sample collection and testing.
Participants and study procedure
This study was a collaborative effort between the Institute of Blood Transfusion (IBT) of the Chinese Academy of Medical Sciences and six blood centers located in different regions of China. The six Chinese regional blood centers were the Anhui Blood Center (Hefei, Anhui, located in the east), Fujian Blood Center (Fuzhou, Fujian, located in the south), Dalian Blood Center (Dalian, Liaoning, located in the north), Changzhi Blood Center (Changzhi, Shanxi, located centrally), Kaifeng Blood Center (Kaifeng, Henan, located centrally) and Mianyang Blood Center (Mianyang, Sichuan, located in the west). Figure 1 shows the geographic distribution of the six blood centers. The study population consisted of all blood donors who donated at one of the six participating blood centers or at one of their mobile blood collection vehicles between July 1, 2014 and June 30, 2015. All blood donations were screened with the serological tests for HIV, HBV, HCV and syphilis. All samples of HBsAg reactive screening were sent to the IBT national reference laboratory for blood donor testing, and then were subjected to the HBsAg neutralization test and anti-HBc tests. Residual risks could be calculated by the HBV yield approach as Li et al. described [13] .
History questionnaire and rapid pre-donation screening
Following the "Technical and Operational Guidelines and Procedures for Blood Centers" issued by the Chinese Ministry of Health on December 31, 2011 [12] , all six blood centers had the same approach for blood donor screening, requiring all blood donors to pass a routine pre-donation screening process that consisted of a medical history questionnaire, a brief physical examination, and pre-donation rapid screening. The medical history questionnaire included questions about their histories of sexually transmitted diseases, hepatitis, illegal parenteral drug use, sex with multiple partners, and men who had sex with men (MSM). If any of the above items screened positive, the donors were permanently deferred. The physical examination included body temperature, body weight, and blood pressure. Before blood collection, all donors underwent rapid testing at the collection sites for the hepatitis B surface antigen (HBsAg, Rapid Test Kit, Aikang Bio-technology Co., Ltd., Hangzhou, China) as well as rapid testing for Alanine Aminotransferase (ALT) (ALT Rapid Test Kit, Rongsheng Biological Pharmaceutical Co., Ltd., Shanghai, China) and hemoglobin (Hb) (Hemoglobin Assay Kit, Amyjet Scientific Inc., Wuhan, China). The donors with increased ALT levels or a reactive HBsAg result would be temporarily deferred, the samples and information were saved if donors tested HBsAg positive on the rapid test.
Routine screening tests for the HBV infection
All successful donations were subjected to tests on two different HBsAg assays by an enzyme-linked immuno sorbent assay (ELISA). If both testing on the two different HBsAg assays were reactive, the screening test was defined as reactive. If the results from either one of two tests was reactive, the sample was retested in duplicate on the same assay and/or another appropriate kit. The screening test was defined as reactive if either one or two positive reactive results were obtained during retesting of the HBsAg ELISA tests. If both tests showed nonreactive results, the screening test was defined as nonreactive, and the corresponding donation was qualified for transfusion.
All test kits were approved and licensed by the Chinese State Food and Drug Administration (or Food and Drug Administration, FDA). The reagents used for donor screening tests are listed in Table 1 , and the assays were performed following the manufacturer's instructions.
Confirmation testing
All HBsAg screening reactive samples, including predonation rapid screening and after-donation reactive testing by ELISA, were sent to the IBT national reference laboratory for donor testing where they were tested for HBsAg, via the ELISA test (MONOLISA TM HBsAg ULTRA, BIO-RAD, California, USA), and anti-HBc antibodies (HBcAb ELISA Kit, Beijing WANTAI Biological Pharmacy Enterprise Co. Ltd., Beijing, China). When the signal to cutoff ratio (S/CO) for the HBsAg test was greater than or equal to 1.0, the ELISA for HBsAg tests were considered as reactive, after which they were confirmed with a neutralization assay (Reagent Kit for the Confirmation of the HBV Surface Antigen, ZHUHAI LIVZON DIAGNOSTICS INC., Zhuhai, China). If there was a positive confirmed result by neutralisation, the sample was confirmed as HBsAg-positive; if a negative neutralisation result was obtained, the samples were considered HBsAg-negative. The reagents used for donor screening tests in IBT are listed in Table 2 , and the testing algorithm is listed in Fig. 2 .
The demographic characteristics of all donors among the six blood centers were collected and analyzed (Table 3) according to and including donor status (first time donors vs repeat donors), gender, age, occupation and education. First-time donors were defined as donors who had no record on file according to the blood center databases. Repeat donors were donors who had a previous record in the databases of the blood centers.
HBsAg-positive donors and/or donations were defined by neutralization assay. The prevalence of HBV infections was calculated by the number of HBsAg positive donations divided by the number of total donations.
The incidence rate of HBV was determined by using the HBsAg yield approach as previously described [10] . In the process of the HBV infection, HBsAg becomes detectable earlier than anti-HBc. HBsAg may be transient, while anti-HBc can persist for a long time. Therefore, donations confirmed as HBsAg-positive but non-reactive for antiHBc can be regarded as newly infected cases that are considered to be HBsAg yield cases. The number of HBsAg yield cases divided by the total number of donations is equal to the HBsAg yield rate. The quotient divided by the length of time a patient has been HBsAg-positive prior to anti-HBc seroconversion (termed the HBsAg yield window, calculated as 44 days) gives an incidence estimate for HBV infections among blood donors [14] .
The RR attributable to WP donations was calculated using the following equation: Data were statistically analyzed using computer software (SPSS 17.0, SPSS, Chicago, IL). An approximate 95% confidence interval (95% CI) was obtained using the Poisson distribution model. The Chi-square test was performed to assess the association between the categorical variants. A P-value of <0.05 was used as the cut-off level for significance.
Results
Demographic characteristics of blood donors
From July 1, 2014 to June 30, 2015, a total of 558,089 blood donations were collected at six blood centers located in different areas of China (see Figure 1) . The demographic characteristics of all of the donors at the six blood center were collected, and the distributions of all demographic characteristics were examined (see Table  3 ). Among the Anhui, Dalian and Fujian Blood Centers, almost 60% of all donations came from donors aged between 18 and 35 years old, while almost 40% at Changzhi, Kaifeng and Mianyang blood centers were of this age group. Across all of the blood centers, the proportions of male and female donors were 63% and 37%, respectively. Donors with a high school education or less contributed to 70% of all donations. Overall, more than half of the donors were employees and students. There were significant differences in the constitutions of donors in terms of their demographic characteristics across the six blood centers in this study.
Serologic prevalence of HBV infections confirmed by the neutralization assay
In this study there were 558,089 donor samples, of which there were 1664 donor samples found to be HBsAg reactive. All of the 1664 samples were tested for anti-HBc and HBsAg and confirmed by neutralisation, and those that were HBsAg positive and anti-HBc positive totaled 484, while those that were HBsAg positive and anti-HBc negative totaled 94; those that were HBsAg negative and anti-HBc positive totaled 326, and those that were HBsAg negative and anti-HBc negative totaled 760. 746 of the 1664 were repeat donors, the mean of interdonation interval for repeat donors was about 11.9 months, and the interdonation interval data for all 746 repeat donors is shown in Table 4 . Overall, the serologic prevalence of confirmed HBV infections from first-time and repeat donations is shown in Tables 5 and 6 . In all, 578 samples were HBsAg positive, confirmed by neutralization assay. The overall prevalence was 0.15%. The seroprevalence of HBsAg was estimated to be 0.13%, 0.078%, 0.16%, 0.07%, 0.20%, and 0.25% at the Hefei, Dalian, Changzhi, Kaifeng, Mianyang and Fujian Blood Centers, respectively. The prevalence of HBsAg varied significantly among the six blood centers, and the prevalence in Fujian was much higher (0.25%) than all of the other blood centers. By contrast, the prevalence in Kaifeng was the lowest (0.07%) among all of the blood centers. Of all 578 reactive samples, 520 (98.5%, 520/528) were from first-time donors.
Estimated incidence of HBV infection using the HBsAg yield approach
In order to estimate HBV incidence accurately, an HBsAg yield window of 44 days was used as described in a previous study [11] . Table 7 ).
RR estimates obtained using the HBsAg yield approach
The residual risk of HBV infection was estimated by applying the refined infectious window-period estimate of 0.16 years (or 59 days) [15] to the derived incidence estimates. The residual risk of HBV infection among blood donations from the participating blood centers is shown in 
Discussion
In China, most donations were routinely subjected to screening for HBsAg by ELISA twice. The remaining few blood centers screen HBV infection by ELISA(×1) plus NAT. However, due to the transient nature of the HBsAg detectable period during the HBV infection process, and also due to the lack of routine screening testing for anti-HBc antibodies, the residual risk of HBV infection has remained high in China [8, 13, 16] . In order to develop an evidence-based, efficient and safe blood donor screening strategy and/or policies to decrease the RR of HBV infections, it is essential to have epidemiological information regarding the prevalence, incidence and RR of HBV infections and the associated demographic characteristics of both high-risk and lowrisk populations of voluntary blood donors. The demographic characteristics of volunteer blood donors in different blood centers in China were quite different. For example, the percent of the first time donors among the six blood centers ranged from 32.43% to 67.11% of all donations. The proportion of young donors 18 to 25 years old was 43.22% of all donations at the Anhui Blood Center, but only 8.23% at the Changzhi Blood Center. Meanwhile, the proportion of middle aged donors 35 to 55 years old was 28.33% of all donations at the Anhui Blood Center, but was 66.93% at the Changzhi Blood Center. There were also some differences in the occupations and education levels at the different blood centers. For instance, 37.39% of donors were farmers, 18.00% were workers and 4.31% were students at the Changzhi Blood Center, while these proportions were 3.07%, 2.9% and 17.53%, respectively, at the Fujian Blood Center. 91.94% of donors had either received an Associate's degree, a high school diploma or below at the Changzhi Blood Center, while this figure was 56.68% at the Dalian Blood Center. However, some similarities were noted among different blood centers regarding the gender of the donors; namely male donors comprised the majority of donors (with a mean of 61%) at all of the blood centers. In addition, more than half of all donors at all of the blood centers were under 35 years old in this study except for those at the Changzhi Blood Center (see Table 3 ). The differences found in the demographic characteristics at different blood centers may have contributed to the differences of estimated residual risks at the blood centers. A higher RR was found at Changzhi (158.35 per 100,000 donations per year), while the lowest was found at Mianyang (20.04 per 100,000 donations per year) (see Table 7 ). According to the characteristics of the blood donors, most of the blood donors were first-time donors, and only Changzhi had the most repeat blood donors, reaching 67.57%. Theoretically, and according to published data, repeat donors have a lower RR for infectious diseases [12, 14] . However, the results of this study showed that the HBV incidence and residual risks at Changzhi were the highest. With regards to the age of the blood donors, most of them were under the age of 35, but most (70%) donors at Changzhi were over 35 years old. China began nationwide hepatitis B vaccinations in 1992, so the residual risk of donors under 35 years old is lower than that of donors above 35 years old. Perhaps this is thus a major cause of Changzhi having the highest residual risk. This data also proved that the HBV vaccine in China has been successful, and it shows that hepatitis B vaccination can effectively reduce residual risks. Second, the proportion of farmers at the Changzhi Blood Center was 37.39%, much higher than the proportions at the other five blood centers. (These proportions ranged from 3.07% at the Fujian Blood Center to 27.37% at the Kaifeng Blood Center. See Table 3 ). Due to economic barriers and other multivariate factors, farmers had the lowest vaccination rate, which again could have led to their higher susceptibility to HBV infections. Third, the proportion of donors without a high school education was relatively high at the Changzhi Blood Center. These donors may have had a relatively low level of health knowledge, which also could have accounted for their elevated rates of HBV infection. The findings in this study are very interesting, because the evidence above indicates that the evaluation of residual risks should take into consideration not only the proportions of first time and repeat donors, but also their ages, occupations and education backgrounds. TT-HBV can still occur after transfusion, even though the carrier blood has tested negative for HBsAg. Apart from occult HBV infections, there remains a limitation in the model that was used to estimate the residual risk of HBV, because neither the window period nor the incidence of donor HBV infections is precisely known. Thus, theoretically, the actual infection risk may be underestimated, which might not accurately reflect infectivity. However, the estimated result of Li's model can still be used to evaluate the safety of blood supplies. Some countries and/or regions have low prevalence of HBV infections, such as Canada and Hong Kong. These two locations exhibit low residual risks of 1:1,700,000 [17] and 1:22,000 [9] , respectively, whereas China has a moderate-to-high residual risk for HBV infections (about 1:13,670 in Shanghai) [18] . Although the prevalence of HBsAg in the Chinese population has dropped to 7.2% in 2006 from 9.8% since the implementation of the nationwide HBV vaccination program in 1992, the prevalence of HBV infections in China is still high [7, 8, 13, 18] . Continued efforts are still needed in donor education, improving donor recruitment and screening strategies. The incidence window period model used in this study can also be used to evaluate the potential impact of HBV NAT implementation by calculating the expected percentage residual risk reduction and yield of a particular assay system [19] . Per the request of the Chinese Ministry of Health, NAT testing for HBV, HCV, and HIV will have been piloted in all provincial blood centers by 2015 [9] . This may decrease the residual risk of TT-HBV markedly. ) The residual risk calculation model used in this study is one of the more suitable computational models in the absence of nucleic acid detection. Based on the results of the last two blood tests, it is possible to extrapolate whether the recent donors have a new infection. However, for the first-time donors, the new infection ratio cannot be determined or calculated directly. Therefore, this model is adopted to indirectly establish the incidence and residual risk of the first-time donors 
Limitations
This study may underestimate the incidence of HBV infections due to its definition of an infection incident and because its risk estimates do not take into account the risk from OBI. The numbers of HBsAg positive and anti-HBc negative tests in each region are low, leading to a general lack of precision in RR calculations (see the wide 95% CIs). In terms of limitations, the incidence calculations are sensitive to assumptions around the window period. In addition, the study may have a number of other limitations around window period estimates. Although, this study included six different locations of blood centers from a diversity of geographical areas, it still may not be representative of all of China.
Conclusion
Despite the introduction of more sensitive assays in blood donor screening, our data revealed that the current residual risk of transfusion-transmitted HBV infection is still high (overall 56.53 per 10 5 py). To improve the safety of blood supplies, we need to continue to educate blood donors and improve donor recruitment and screening strategies. NAT for blood donor screening is needed in China, which may markedly decrease the RR for HBV infections and improve the safety of blood supplies. It is worth considering testing for anti-HBc during blood donor screening in China. 
